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ANTIBODY-DEPENDENT  ENHANCEMENT  OF  DENGUE 
VIRUS  GROWTH  IN  HUMAN  MONOCYTES  AS  A  RISK 
FACTOR  FOR  DENGUE  HEMORRHAGIC  FEVER 

SR1SAM  L  C.  KLIKS.  ANANDA  NISALAK.  WALTER  E.  BRANDT. 

LARRY  WAHL,  and  DONALD  S.  BLRKE 
Delhi' i»h  ni  <■!  I  inti  Disease  It  'alter  Reed  Army  Institute  of Research.  Has/iingtoit.  DC. 

(  ..S'.  Ci  ‘mi'oticnt.  irnuil  lows  Research  Institute  of  Medical  Sciences. 

Hangkok.  Thailand .  and  Laboratory  of  Immunology. 

Sat  tonal  Institute  of  Dental  Research.  Hclhesda.  Maryland 

Abstract  Scrum  specimens  collected  during  a  prospective  study  of  dengue  infections 
among  schoolchildren  in  Bangkok  were  tested  for  their  ability  to  enhance  dengue  2  (DEN- 
2)  virus  growth  in  human  monocytes  in  vitro.  Two  groups  of  dengue-immune  sera  were 
compared:  32  dengue  antibody  positive  serum  specimens  from  children  who  subsequently 
developed  asymptomatic  secondary  dengue  infections;  and  9  dengue  antibody  positive 
serum  specimens  from  children  who  subsequently  developed  severe  symptomatic  secondary 
dengue  infections.  X  of  which  were  clinically  diagnosed  as  dengue  hemorrhagic  fever. 
Antibody -dependent  enhancement  of  virus  growth  was  quantitated  by  measurement  of 
\irus  yields  in  supernatant  fluids  of  normal  human  monocyte  cultures  that  were  infected 
with  DEN-2  i  irus  in  the  presence  of  undiluted  test  serum.  Only  4  of  32  ( 1 2%)  prein  fcclion 
sera  from  asymptomatic  children,  but  6  of  9  (67%)  preinfection  sera  from  symptomatic 
children,  had  significant  enhancing  activity  (/’  ...  0.001).  High  serum  DEN-2  antibody 
dependent  enhancing  activity  is  a  significant  (relative  risk  =  6.2)  risk  factor  for  severe 
illness  among  children  in  a  dengue  hemorrhagic  fever  endemic  region.  Dengue  antibodies 
can  be  neutralizing  and  therefore  protective,  or  they  can  be  enhancing  and  increase  the 
risk  of  dengue  hemorrhagic  fever. 


Dengue  hemorrhagic  lever  dengue  shock  syn¬ 
drome  (DUE  DSS).  the  most  severe  manifesta¬ 
tion  of  an  acute  dengue  virus  infection,  is  en¬ 
demic  among  children  in  Southeast  Asia.  There 
are  4  serotypes  of  dengue  viruses  (DEN-1.  -2. 
-3.  and  -4).  Prior  infection  with  a  dengue  virus 
of  1  seroty  pe  confers  only  transient  immunity  to 
infection  with  heterologous  serotypes,  but  does 
give  rise  to  antibodies  broadly  cross-reactive  with 
v  irions  of  all  4  serotypes.1  •’  Pre-existing  seroim¬ 
munity  to  dengue,  as  measured  by  conventional 
serologic  assays,  is  an  important  risk  factor  for 
the  development  of  severe  manifestations  of  in¬ 
lection.  1  J  More  than  95%  of  children  12 
months  of  age  hospitalized  with  severe  dengue 
show  evidence  of  a  secondary  (anamnestic)  sero- 
response.  Dengue-naive  children  rarely  develop 
severe  manifestations  of  disease  when  acutely 
infected.  Infants  born  to  dengue-immune  moth¬ 
ers  are  also  at  increased  risk  of  severe  disease 
until  maternal  antibodies  wane.’ 

Antibody-dependent  enhancement  (ADE)  of 
dengue  virus  growth  in  mononuclear  phagocytes 
is  thought  to  be  the  mechanism  whereby  pre¬ 


existing  dengue  antibodies  confer  excess  risk.' 
Heterotype  antibodies  bind  to.  but  do  not  neu¬ 
tralize.  dengue  virions.  Heteroty  pic  antibody  -  vi¬ 
rion  complexes  attach  to  mononuclear  phago¬ 
cytes  throuch  Fe  receptors  on  the  cell  surface. 

In  a  6  month  prospective  study  of  dengue  in¬ 
fections  among  Bangkok  schoolchildren,  we 
demonstrated  that  existing  seroimmunity  to  den¬ 
gue.  as  measured  by  detection  of  serum  hem¬ 
agglutination-inhibiting  antibodies.  was  a  signif¬ 
icant  risk  factor  for  development  of  DHF  DSS 
among  children  who  became  acutely  infected  by 
a  dengue  virus.'  In  that  study.  8  of  56  seroposi¬ 
tive  children  who  became  infected  by  a  dengue 
virus  developed  DHF  DSS;  none  of  46  previ¬ 
ously  seronegative  children  became  seriously  ili 
when  infected.  One  additional  seropositive  child 
developed  relatively  severe  illness  but  was  not 
clinically  diagnosed  as  having  DHF  DSS. 

In  the  current  study,  we  sought  to  determine 
if  differences  in  serum  ADE  activity  in  preinfee- 
tion  sera  from  seropositive  children  could  be  re¬ 
lated  to  the  severity  of  subsequent  infection.  We 
report  here  that,  among  dengue-immune  chil- 
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drcn.  high  serum  DEN-2  ADE  activity  was  a 
strong  predictor  of  severe  illness. 

V 

MATERIALS  AND  METHODS 
Case  studies 

The  study  subjects  were  children  in  the  Phi- 
bunprachasan  School  who  participated  in  the 
1480-1981  prospective  study  of  dengue  infec¬ 
tions  in  Bangkok.  Thailand/  Pre-infection  serum 
specimens  included  in  this  study  were  from  9 
children  w  ith  secondary  infection  who  developed 
clinical  symptoms  and  32  out  of  39  children  w'ilh 
secondary  infections  who  were  asymptomatic 
(there  was  an  insufficient  quantity  of  serum  in 
the  remaining  7  samples).  For  negative  controls. 
10  unselected  preinfection  sera  from  among  47 
children  with  subsequent  primary  dengue  infec¬ 
tion  were  also  examined  (none  had  detectable 
dengue  antibodies).  AH  serum  specimens  were 
previously  tested  tb"  their  hemagglutination  in¬ 
hibition  and  neutral  ration  activities  agatnsl  all 
4  dengue  serotypes  .is  described  by  Burke  and 
others.' 

Preparation  <>/  virus  stock 

DEN-2  v  irus  strain  D80-6  16  was  isolated  Iron) 
plasma  from  an  infant  DSS  case  in  Bankok  dur¬ 
ing  the  1980  outbreak  using  the  mosquito  in¬ 
oculation  technique."  The  virus  was  further 
propagated  in  LL.C-MK  monkey  kidney  cell 
monolayers.  Culture  fluid  containing  \irus  was 
harvested,  quantitated  for  the  virus  as  plaque 
forming  units  (PR  ).'  and  stored  at  70°(  until 
it  was  used  in  the  infection-enhancement  tests. 


Macro-assay  tor  DPS- 2  antibody- mediated 
enhatk  ement  a<  • tint)  • 

Antibody-mediated  enhancement  activity  of 
preinfection  sera  from  appropriate  study  eases 
was  measured  using  the  method  described  by 
Brar.dt  and  others"  with  some  modifications. 
Briefly.  5  -  10'  cells  of  a  3-day-old  culture  of 
the  human  monocytic  cell  line  1 1-937  were  in¬ 
fected  for  90  min  at  37°C  with  DEN-2  virus  strain 
D80-616  at  the  multiplicity  of  infection  of  0.1 
in  the  presence  of  heat-inactivated  test  serum  at 
varying  dilutions  (1:1 0-1:10').  The  virus  and  sc¬ 
rum  mixture  was  removed  and  cells  were  washed 
3  times  before  they  were  cultured  in  a  15  ml 


polystyrene  centrifuge  tube  containing  2  ml  RPMI 
1 640  with  1 0%  heat-inactivated  fetal  calf  serum. 
200  mM  glutamine.  200  jug.  ml  streptomycin,  and 
200  U  ml  penicillin  with  an  addition  of  test  se¬ 
rum  at  various  final  dilutions.  The  cultures  were 
kept  in  a  CO,  incubator  at  37 °C  for  5  days  with 
daily  shaking  for  2-3  see.  The  cells  and  culture 
fluids  were  harvested  after  a  centrifugation  at 
1.000  rpm  for  10  min.  Infection  was  quantitated 
by  numeration  of  acetone-fixed  cells  reactiv  e  to 
DEN-2  polyclonal  antibodies  by  an  indirect  im- 
munofluoresccnl  antibody  test.  Virus  produced 
in  culture  fluids  was  also  measured  by  quanti¬ 
tating  dengue  virus  PFU  in  rhesus  monkey  kid¬ 
ney  LLC-MK;  cell  monolayers.  ADE  is  mea¬ 
sured  as  an  increase  in  the  number  of  infected 
cells  or  a  statistically  significant  increase  of  virus 
production  in  the  fluids  from  cultures  infected 
i  the  presence  of  the  test  human  serum  com¬ 
pared  to  those  infected  and  cultured  in  the  ab¬ 
sence  of  test  serum.  Since  the  quantity  of  virus 
produced  in  cell  cultures  correlated  with  the 
number  of  Id -937  cells  infected  (S.  Kliks.  per¬ 
sonal  communication),  the  enhancement  in  this 
assay  was  determined  by  comparing  the  number 
of  infected  cells  in  the  presence  of  test  scrum  to 
that  of  cells  infected  in  the  absence  of  human 
serum. 


Micro-assay  for  DPS -2  antibody-mediated 
enhancement  activity 

This  test  was  employed  to  measure  ADE  ac¬ 
tivity  in  undiluted  human  serum  or  in  low  serum 
dilutions  as  described  by  Eckels  and  others.1-’ 
Human  monocytes,  freshly  isolated  by  the  elu- 
triation  method."  were  used  because  of  their 
ability  to  remain  viable  in  the  presence  of  un¬ 
diluted  or  a  low  dilution  of  human  serum.  In  this 
assay,  infection  was  measured  by  counting  the 
percentage  ol  infected  monocytes  as  well  as 
quantitating  infectious  virus  in  culture  fluids.  The 
amount  of  virus  produced  in  an  mlected  mono¬ 
cyte  culture  correlated  w  ith  the  number  of  cells 
infected  as  detected  by  the  immunofluorescent 
technique. 


RESULTS 

Determination  of  DPS- 2  antibody-mediated 
enhancement  activity  in  premfeclion  sera 

We  tested  preinfection  sera  from  children  in  - 

the  symptomatic  and  asy  mptomatic  groups  with  ;4l>3 


I 


jpac  lai. 
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SEBUM  OILUTION  - - - 

Figure  1.  Schematic  graph  of  DFN-"*  virus  vOM 
dilution  of  dengue  immune  serum  in  cultures  of 
r-‘).t7  cells.  CONTROL  is  the  mean  yield  from  cul¬ 
tures  without  added  serum:  PENT  is  the  peak  en¬ 
hancement  titer,  or  the  titer  at  which  virus  yield  ts 
maximal  for  the  scrum  tested:  ENT  is  the  enhancement 
titer  or  the  highest  dilution  of  the  test  serum  which 
produces  a  s  void  significantly  greater  than  the  control 
yield:  and  POWER  is  the  ratio  of  yield  at  peak  en¬ 
hancement  titer  divided  by  the  control  yield. 

secondary  dengue  infections  for  their  ability  to 
enhance  infection  of  DEN-2  virus  strain  D„,  616 
in  1.  -432  cells.  Preinfection  sera  front  10  chil¬ 
dren  with  primary  dengue  infection  front  the  same 
study  cohort  were  included  in  the  test  as  negative 
controls.  Serum  dilutions  -  1:10  were  not  tested 
due  to  their  toxic  effect  on  (.  -437  cells.  Three 
enhancement  parameters  were  measured:  ADE 
titer  (ENT),  peak  ADE  titer  (PENT),  and  power 
of  enhancement  ( POWER).  These  parameters  are 
diagrammed  in  Figure  1.  In  the  experiment  with 
1  -437  cells,  no  DEN-2  infection  was  observed 
in  cell  cultures  in  the  absence  of  test  serum  or  in 
the  presence  ofnonimmune  sera  front  the  control 
group:  but  DEN-2  infection  was  observed  m  all 
cultures  with  pre-secondary  infection  sera,  in¬ 
dicating  dengue  infection  enhancing  activity  (Ta¬ 
ble  I ).  Paradoxically,  the  mean  DEN-2  ENT  and 
PENT  titers  among  the  sera  from  the  asymptom¬ 
atic  group  were  higher  than  those  from  the  sy  mp- 
tomatie  group  (/’  ■  0.05;  Table  2).  In  addition, 
the  mean  POWER  in  sera  from  the  asymptom¬ 
atic  group  was  also  higher  than  that  from  the 
sy  mptomatic group  (/’  0.05)  when  tested  using 

diluted  sera  on  D-9.37  cells  (Table  2). 

Analysis  ol  the  relationship  between  /)/.  \  2 
PRY/,  and  I/)/-,  activities 

Although  the  DEN-2-enhancing  activities 
(ENT.  PENT,  and  POWER)  among  the  children 


in  the  asy  mptomatic  group  were  higher  than  those 
of  the  symptomatic  group,  w'e  noted  a  basic  dif¬ 
ference  in  the  enhancement  profiles  between  the 
2  groups.  In  the  asymptomatic  group,  the  peak 
enhancement  was  observed  at  the  dilutions  2  I: 
40  among  75%  (24  out  of  32)  of  sera  (Table  1). 
Those  sera  also  exhibited  strong  neutralization 
in  the  preceding  dilutions.  In  contrast.  77.8%  (7 
out  of  9)  of  sera  from  the  symptomatic  group 
exhibited  maximum  enhancement  at  the  lowest 
dilution  tested  (typically  1:10).  It  seemed  appro¬ 
priate  therefore  to  retest  all  sera  for  ADE  a*  <>-e 
lowest  possible  dilution,  most  closely  simulating 
the  situation  in  vivo. 

/>/:. Y-J  enhancement  activity  in  undiluted  sera 

In  order  to  estimate  the  effect  of  neutralizing 
and  enhancing  activities  on  DEN-2  infection  in 
human  monocytes  in  vivo,  we  tested  the  undi¬ 
luted  sera  from  the  symptomatic  and  asy  mptom¬ 
atic  groups  for  their  ability  to  cither  neutralize 
or  enhance  dengue  infection  in  freshly  isolated 
human  monocytes  with  the  microassay  method. 
Ten  preinfcelton  sera  from  the  primary  infection 
group  were  included  as  normal  serum  controls. 
A  slight  infection,  indicated  by  virus  production 
of  ■  500  PFU  per  culture  (0. 1 6%  of  infected  cells), 
was  observ  ed  w  ith  control  sera.  Six  out  of  nine 
sera  from  the  symptomatic  group  (67%)  exhib¬ 
ited  infection  greater  than  2  standard  deviations 
(SD)  above  the  control  mean  value  observed  in 
normal  sera  (Fig.  2).  One  serum  exhibited  a  de¬ 
gree  of  infection  abov  e  the  mean  of  normal  se¬ 
rum  controls,  but  -s2  SD  abov  e  the  mean.  The 
remaining  2  sera  with  high  DEN-2  PRNTV,  (as 
measured  in  LLC'-MK .  cells)  also  exhibited  neu¬ 
tralization  in  human  monocytes  (Fig.  2). 

Of  the  32  sera  in  the  asymptomatic  group,  only 
4  (9.3%)  exhibited  ADE  resulting  in  infection  -2 
Sl>  above  the  control  mean.  Three  were  asso¬ 
ciated  with  an  infection  level  comparable  to  that 
observed  with  norma!  sera.  However.  25  out  of 
32  sera  from  the  asymptomatic  children  (78%) 
exhibited  infection  levels  •  2  SD  below  the  mean 
v  alue  of  normal  controls. 

Analysis  of  risk  for  1)111  DSSfroin  DUX- 2 
enhancement  activity 

Children  whose  sera  neutralized  DEN -2  virus 
in  human  monocyte  cultures,  regardless  of  their 
DEN-2  enhancing  activities  measured  at  higher 
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Disease  seventy  among  J  study  groups  and  the  neutralizing  and  enhancing  activities  in  their  preinfection  sera 
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Table  2 

Comparison  of  dengue  PRST.,  titers  and  DUS- 2  enhancing  activities  between  symptomatic  and  asymptomatic 
children  with  secondary  infections 


DEN-3 

DEN-4 

DEN-2 

PRNT* 

PRNT* 

PRNT* 

PRNT* 

ENT* 

PENT* 

POWER 

Symptomatics  (n  =  9) 
Asymptomatics  (n  =  32) 
P  value 

2.2  i  1.0 

1.5  *  0.8 
0.09 

1.5  t  0.8 

1.6  ±  0.7 

0. 7  5 

1.4  *  0.5 
1.7  r  1.4 
0.24 

1.0  ±  0.4 
1.4  ±0.7 
0.03 

2.1  ±  0.9 

3.1  ±  0.9 
0.02 

1.2  ±  0.3 
1.6  r  0.4 
0.01 

4.8  ±  5.7 
11.3  ±  8.5 
0.01 

*  I  ng  value. 

PRNT  -  50%  plaque  reduction  neutralization  titer  as  measured  on  I  l.(  -Mk;  cells. 
FNT  -  Enhancement  titer  measured  on  l  -*>3"’  cells. 

PENT  Peak  enhancement  liter  measured  on  l  '-‘TV'  cells. 

IHWHR  -  Poster  nr  fold  of  enhancement  measured  on  I'-qj’’  cells 


dilutions,  had  a  relative!)  low  risk  (0. 1 5)  for  DHF 
DSS  (Table  3).  The  Mantel-Haens/el  chi-square 
statistic  was  10.9  (/'  -  0.001),  indicating  a  sig¬ 
nificant  association  between  DEN-2  neutraliza¬ 
tion  and  lower  incidence  of  DHF  DSS. 

In  contrast,  those  children  whose  undiluted 
sera  enhanced  DEN-2  infection  in  human  mono¬ 
cytes.  regardless  of  their  original  DEN-2  PRNT,„. 
had  a  relative  risk  of6.2  (Table  3).  The  Mantel- 
Haens/el  chi-square  statistic  was  9.53  (/’ 
0.005).  indicating  a  significant  association  be¬ 
tween  DF.N-2  enhancement  and  DHF  DSS.  The 
attributable  risk  of  DF.N-2  enhancement  toward 
the  development  of  DHF  DSS  was  0.84. 


Interrclatonships  among  neutralization, 
infection  enhancement,  and 
severity  of  symptt  mis 

Since  DEN-2  infection  enhancement  by  un¬ 
diluted  serum  was  associated  with  the  risk  of 
developing  symptoms  during  subsequent  infec¬ 
tion.  we  further  analyzed  the  relationship  be¬ 
tween  the  degree  of  enhancement  and  the  sev  er¬ 
ity  of  dengue  illnesses.  We  aiso  determined  the 
relationship  between  the  risk  index  (infection  en¬ 
hancement  by  undiluted  serum)  and  other  con¬ 
ventional  serologic  properties. 

We  labeled  the  4  observed  outcomes  of  the 


LOG,0RECIPBOCAL  DEN-J  PRNTWTITER 

Figure  2.  Ciraph  of  relationship  between  DEN-2  I’RN  D.fs  (as  measured  on  I  l.( -MR.  cells)  vs.  DEN-2 
v  irus  y  iclds  in  cultures  of  fresh  elutriated  human  monocy  tes  to  which  undiluted  sera  were  added.  Control  sera, 
from  palienls  who  subsequently  experienced  asymptomatic  primary  infections,  are  shown  as  open  circles  (O): 
sera  from  patients  who  subsequently  experienced  asy  mptomatic  secondary  infections  are  shown  as  dosed  squares 
(■):  and  sera  from  patients  who  subsequently  experienced  symptomatic  secondary  infections  arc  shown  as  closed 
triangles  (A) 
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severity  of  dengue  illnesses  — asymptomatic, 
dengue  fever.  DHF  but  not  hospitalized,  and 
hospitalized  for  DHF— as  0.  1.2.  and  3.  respec¬ 
tively  (Table  1).  We  then  analyzed  the  relation¬ 
ship  between  this  variable  and  the  degree  of  in¬ 
fection  in  human  monocytes  cultured  in  tested 
undiluted  serum,  and  all  other  enhancement  pa¬ 
rameters  and  PRNT„,  against  DEN- 1 .  -2.  -3.  and 
-4  (Table  1 )  using  the  Spearman  rank  correlation 
method.  Severity  of  symptoms  correlated  with 
yield  of  DEN-2  virus  in  monocyte  cultures  sup¬ 
plemented  with  undiluted  preinfection  sera  (r  = 
0.420.  P  -  0.01).  Enhancement  outcome  (>2 
SD)  was  also  shown  by  the  Spearman  rank  cor¬ 
relation  test  to  be  correlated  with  development 
of  dengue  symptoms  (r  =  0.526.  P  0.001 ).  Pre¬ 
existing  neutralization  of  DEN- 1  showed  a  mar¬ 
ginal  correlation  (r  =  0.332.  P  --  0.05)  with  den¬ 
gue  symptoms. 

Neutralization  of  infection  in  human  mono¬ 
cytes  by  undiluted  serum  was  negatively  corre¬ 
lated  w  ith  sy  mptoms  by  rank  correlation  analy  sis 
(r  =  0.372.  P  ■  0.01).  This  variable  correlated 
with  DEN-2  PRNT.  .  as  measured  in  LLC-MK. 
cells  (r  =  0.687.  /’  •  0.00 1 ).  which  in  turn  covar¬ 
ied  with  DEN-2  enhancement  titer  (ENT)  (i  - 
0.424,  P  ■  0.0 1 ).  peak  enhancement  titer  (PENT) 
(r  =  0.366.  P  ■  0.05). 

DISCISSION 

The  results  of  this  study  provide  direct  evi¬ 
dence  that  antibody -dependent  enhancement  of 
dengue  v  irus  growth  in  mononuclear  phagocy  tes 
is  central  to  the  pathogenesis  of  dengue  hemor¬ 
rhagic  fever.  The  presence  of  DEN-2  infection 
enhancingantibodies  in  undiluted  serum  isa  spe¬ 
cific  and  powerful  risk  factor  for  the  development 
of  DHF  DSS  during  a  subsequent  secondary 
dengue  infection,  while  the  presence  of  DEN-2 
neutralizing  antibodies  in  serum  predicts  a  sub¬ 
sequent  asymptomatic  secondary  infection. 

Serum  dengue  antibody  dependent  enhancing 
activity  can  be  described  by  3  measurements:  the 
maximal  dilution  at  which  enhancement  can  be 
detected,  or  the  "enhancement  titer";  the  dilu¬ 
tion  at  which  enhancement  is  mosl  readily  ap¬ 
parent.  or  the  “peak  enhancement  titer”;  and  the 
relative  yield  compared  to  control  sera,  in  terms 
of  the  number  of  infected  cells  or  the  amount  of 
virus  in  culture  supernatant  fluids,  at  the  peak 
enhancement  titer  (the  relative  yield  is  quanti¬ 
tated  as  the  "power  of  enhancement").  These 


Table  3 

Risk  analysis  of  severe  illness  for  patients  with  sera 
showing  f>l:\-2  neutralizing  or  enhancing  activities 


us  measured  with 
monocytes 

undiluted  sera 

on  fresh  human 

I'?‘\  2  nr:trah/auon 

SvmpUmiaiKr 

\v 

Yes 

2 

25 

No 

7 

7 

HEN-2  Enhamvmfnl 

S\  mpiomaiic 

Asv  mpinmaiiv 

Yes 

6 

4 

No 

3 

28 

Relative  risk  of  nculraii/aiion  0  1$ 
Relative  risk  of  enhancement  is  2U. 
Attributable  risk  0  S4 


measurements  arc  diagrammed  in  Figure  1.  In 
our  initial  experiments  using  U-937  cells,  we 
measured  enhancement  titers,  peak  enhance¬ 
ment  titers,  and  powers  of  enhancement.  Oddly. 
DEN-2  enhancement  titers,  peak  enhancement 
titers,  and  the  power  of  enhancement  were  great¬ 
er  using  preinfection  sera  from  asymptomatic 
cases  than  from  symptomatic  cases,  apparently 
refuting  the  hypothesis  that  enhancement  is  re¬ 
lated  to  the  severity  of  disease.  However,  the 
basic  shapes  of  the  enhancement  activ  its  curves 
between  the  2  groups  differed.  Enhancing  activ  ity 
at  the  lowest  dilution  tested  in  the  U-937  assay 
system  (1:10)  was  greater  using  sera  from  sy  mp- 
tomalie  eases  than  when  using  sera  from  asy  mp- 
tomatie  cases. 

We  therefore  devised  an  alternate  test  sy  stem 
to  extend  the  curves  to  measure  enhancing  ac¬ 
tivity  of  undiluted  sera.  C  ultures  of  freshly  elu¬ 
triated  normal  human  monocytes  were  found  to 
work  well.  In  this  system,  virus  y  ields  (power  of 
enhancement)  using  undiluted  sera  from  symp¬ 
tomatic  cases  were  substantially  greater  than  those 
using  sera  from  asymptomatic  eases.  In  retro¬ 
spect.  it  is  apparent  that  use  of  undiluted  sera  on 
normal  human  monocy  tes  is  the  appropriate  sys¬ 
tem  for  measuring  phy  siologically  relevant  ADE; 
blood  mononuclear  cells  are  bathed  in  undiluted 
serum  in  vivo. 

Immune  serum  can  have  2  competing  effects 
on  dengue  virus  growth  in  cultures  of  Fc-reeep- 
tor-bearing  cells:  neutralization  or  enhancement 
(Fig.  3).  If  neutralizing  activity  is  high,  no  en¬ 
hancement  is  observed.  C  onversely,  high  en¬ 
hancing  activity  may  mask  the  presence  of  low- 
level  neutralization.  All  7  sera  from  symptomatic 
cases  in  this  series  which  showed  enhancement 
in  monocy  te  cultures  had  low-level  neutralizing 
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L  A  ON  HUMAN  MONOCYTES 


CONTROL 

•  a 

UNOII  UTE 
SERUM 

[-Hit  KE  3.  Schematic tjiiiph  of  DI  N-2  virus  yields 
vs.  scrum  dilutions  when  tested  on  I  I  (  MK  monkey 
kidney  cells  Hop),  on  t  -u  v  cells  teenier),  or  on  human 
monocytes  tbottom)  \  shows  the  pattern  typical  of 
sera  from  patients  who  subsequently  experienced 
symptomatic  infections  li  shows  the  pattern  typical  of 
sera  from  patients  who  subsequently  experienced 
asymptomatic  infections.  PRNT  sir,,  plaque  re¬ 
duction  nct,ir,di/wnoi)  titer. 

liters  1 1 : 1 1>- 1 : 50)  \\ hen  tested  in  l.l .(  -M  K  cells, 
an  epithelioid  cell  line  derived  from  monkey  kid¬ 
neys.  Because  I.I.C-MK  cells  lack  Fc  receptors, 
assays  on  these  cells  selectively  measure  neu¬ 
tralizing  activity  and  not  enhancing  actix  ily . 

One  of  the  limitations  of  this  report  is  that 
\  i ruses  were  not  isolated  from  the  schoolchildren 
who  became  infected  during  the  study  period. 
DF.N-2  virus  is  regularly  associated  with  DHF 
DSS  in  Bangkok  During  the  epidemic  season 
w  hen  sera  were  collected  ( 1980).  73%  of  all  iso¬ 
lates  from  DHF  DSS  cases  at  Bangkok  Chil¬ 


dren's  Hospital  were  seroty  pe  2.  21%  were  se¬ 
rotype  1 .  and  seroty  pcs  3  and  4  accounted  for 
the  remainder.14  The  strain  of  virus  used  in  the 
enhancement  assays  (DS1I6I6)  was  isolated  from 
the  blood  of  a  patient  with  DHF  in  Bangkok  in 
1980:  it  was  therefore  probably  serotype-  and 
strain-hontotypic  with  the  viruses  that  infected 
most  of  the  study  cases.  We  cannot  exclude  the 
possibility  that  some  of  the  study  children  were 
infected  by  viruses  other  than  serotype  2.  Indeed, 
preinfection  sera  from  2  of  9  sy  mptomatic  chil¬ 
dren  had  high  DEN-2  neutralizing  activity:  these 
children  may  have  been  acutely  infected  by 
DEN- 1  instead  of  DEN-2  during  the  study  pe¬ 
riod.  If  these  cases  had  been  excluded  front  the 
analysis,  the  association  of  serum  DEN-2  en¬ 
hancing  activity  and  subsequent  illness  would 
have  been  essentially  perfect.  Serum  from  I  ad¬ 
ditional  symptomatic  case  lacked  enhancing  ac- 
tivity  as  defined  by  a  yield  >2  SD  above  the 
mean  y  ield  from  cultures  with  nonimmune  sera. 
Nonetheless,  this  sera  did  produce  a  3-fold  great¬ 
er  yield  than  the  mean  of  cultures  with  nonim¬ 
mune  sera. 

If  the  results  for  DEN-2  AF3F.  activity  in  sera 
front  children  front  Bangkok  in  1980-1981  hold 
for  other  regions,  then  it  may  be  possible  to  iden- 
tify  prospective  subjects  who  are  at  high  risk  for 
DHF  DSS.  Localized  populations  in  tropical  re¬ 
gions  which  are  at  high  risk  for  DHF  DSS  can 
be  identified  by  measuring  the  prevalence  of 
DFN-2  ADE  activity  in  undiluted  serum.  Pop¬ 
ulations  found  to  be  at  risk  of  epidemic  DHF 
DSS  could  then  be  protected  by  intensified  mos¬ 
quito  control  efforts.  Similarly,  sera  front  recip¬ 
ients  of  candidate  dengue  vaccines  should  be 
tested  for  serum  DEN-2  ADE  activity  to  deter¬ 
mine  if  the  vaccines  have  been  rendered  dengue 
immune  or  placed  at  high  risk  of  DHF  DSS. 
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